A series of repeated load triaxial tests were conducted in this study to investigate the influences of compaction density and postcompaction moisture variation on the dynamic elastic modulus ( ) and plastic permanent strain (PPS) of compacted lateritic soil. Specimens were compacted at optimum moisture content (OMC) and three degrees of compaction (90%, 93%, and 96%). Then the specimens were dried or wetted to different moisture contents (OMC, OMC ± 3%, OMC ± 6%, and OMC + 9%) prior to testing for and PPS. Results show that moisture content has greater influence on the and PSS than compaction degree, and the increase in moisture content leads to a decrease of and an increase of PPS. Furthermore, an empirical relationship between and applied cyclic stress ( ) is developed that incorporates density and moisture variations. Three different evolution types of PPS with number of load cycles, plastic stable, plastic creep, and incremental collapse, are identified as the increase of moisture content. In addition, the critical dynamic stress ( ) separating stable and unstable deformation is determined based on the shakedown concept. The envelope curves of -moisture of lateritic soil with different degrees of compaction are also determined to provide reference for the pavement design.
Introduction
In the field construction, subgrade soils are generally compacted at or near optimum moisture content (OMC) and maximum dry density (MDD), and as such the compacted subgrade is usually present in an unsaturated condition. However, during the service life of a subgrade, the moisture content at the time of compaction is not constant and firstly changes to an equilibrium water content (EPC) and then fluctuates along the EPC due to the seasonal environmental factors such as groundwater table variation, rainwater infiltration, and evaporation [1] [2] [3] [4] [5] . Several recent studies have shown that variations in moisture content significantly degrade the engineering properties of compacted subgrade [6] [7] [8] [9] and contribute to the deterioration and premature failure of pavements. It is evident that proper consideration to the effect of moisture variation should be given in realistic pavement design and analysis.
Lateritic soils are widely distributed in tropical and subtropical regions such as south China, in which lateritic soils are extensively used as fill materials for the subgrade construction of highway and railway due to the expanding urbanization and deficiency in good quality crushed aggregate. Nevertheless, lateritic soils possess special properties with high plasticity and high water sensitivity [10] , which can lead to significant moisture variation of compacted subgrade with the seasonal environmental factors. Considerable studies have been carried out on the effect of moisture variation on the shear strength and static modulus of lateritic soil [11] [12] [13] [14] [15] . It was observed that an increase in moisture content typically decreased the matric suction and hence decreased the shear strength and static modulus. Although dynamic deformation properties including resilient stiffness and accumulated permanent deformation are closely related to the service performance of operated subgrade, particularly under high-speed and heavy-axle traffic loading, limited research work has been performed on dynamic elastic modulus ( ) and plastic permanent strain (PPS) of lateritic soil. Fall et al. [16] investigated the evolution of permanent and reversible deformation of the three laterites under various cyclic stress 2 Advances in Materials Science and Engineering levels. Samb et al. [17] indicated that the moisture content seemed to affect the values of the resilient modulus in a sensitive way. Parreira and Gonçalves [18] and Mu et al. [19] found that resilient modulus decreased as the increase of moisture content and there was often a strong correlation between matric suction and resilient modulus. Through varying moisture contents at compaction, Liao et al. [20] , Liu et al. [21] , and Zhang et al. [22] evaluated the effect of moisture variation on the critical dynamic stress. However, it should be pointed out that laboratory specimens compacted at different moisture contents cannot accurately simulate the field conditions, in which subgrades were compacted at unique moisture content and then subjected to postcompaction moisture changes. Few studies have addressed the variations of dynamic elastic modulus and plastic permanent deformation of compacted lateritic soil with postcompaction moisture contents.
Compaction degree, , defined as the ratio of dry density of the field compaction to laboratory maximum dry density, is a key parameter for ensuring the proper performance of a subgrade and is also an important factor influencing the development of permanent deformations [23] [24] [25] . Barksdale [23] observed an increase of permanent axial strain of about 185% when the granular material was compacted at 95% instead of 100% of maximum compaction density. However, the effect of density on and PPS of fine grained soils such as lateritic soil has not been clearly observed.
The primary objective of this study is to address the variations of , PPS, and critical dynamic stress ( ) with postcompaction moisture contents and compaction density for compacted lateritic soil. Specimens are compacted at OMC and three degrees of compaction (90%, 93%, and 96%) and then subjected to wetted or dried procedures and six levels of moisture contents (OMC, OMC ± 3%, OMC ± 6%, and OMC + 9%) are selected for repeated load triaxial tests. An empirical relationship between and applied cyclic deviator stress ( ) is developed that incorporates density and moisture variations. Furthermore, based on the shakedown concept, the envelope curves of moisture of lateritic soil with different compaction degrees are presented.
Materials and Specimen Preparation

Materials.
Residual lateritic soil sampled from Jiangxi Province, frequently encountered subgrade soil in the construction of highways in southern China, was selected for testing in this study. Specific gravity, Atterberg limits, wet sieve and hydrometer analysis, and compaction characteristics were performed on the tested soil. A summary of the test results is presented in Table 1 . The liquid limit and plasticity index of the soil are 45% and 20, respectively. The silt content and clay content are 28.9% and 55.2%, respectively. This soil was classified as A-7-5 according to AASHTO classification method and as CL as per unified soil classification system (USCS). The results of MDD and OMC obtained from the standard Proctor compaction test are used to establish compaction conditions for the repeated load triaxial tests. 
Specimen Preparation.
Prior to specimen preparation, bulk soil samples were subjected to air drying. The dry soil was first processed through a 2.00 mm sieve and then thoroughly mixed with the desired amount of deaired water to achieve the optimum moisture content, and the wet soil mixture was left in an airtight container overnight to achieve homogenous moisture conditions. Three degrees of compaction (90%, 93%, and 96%) were selected to prepare specimens for triaxial tests. The cylindrical specimens with 50 mm in diameter and 100 mm in height were compacted in a rigid split mold and in three layers of equal weight using a Proctor hammer. After compaction, the cylindrical specimen was extracted from the split mold and the initial weight, height, and diameter were measured.
In order to simulate different stages of the in-service subgrade exposure to seasonal environmental conditions, the specimens firstly compacted at optimum moisture content were then subjected to drying or wetting procedures. This process of varying moisture contents under the same initial condition was followed to minimize fabric effects on the subsequent test results. This is because the change in compaction moisture content affects the soil structure [6] . Six levels of moisture contents, dry side (OMC − 3% and OMC − 6%), optimum (OMC), and wet side (OMC + 3%, OMC+6%, and OMC+9%), were selected to address variation of postcompaction moisture content. The selected range of moisture content deviating from OMC is generally consistent with results from field monitoring research undertaken by Thang et al. [3] and Taamneh and Liang [26] .
Air-drying, carried out inside a temperature controlled laboratory to ensure constant condition, was employed as the drying procedure to achieve different moisture contents lower than OMC. Specimens were subjected to drying procedure, while the specimen mass was continuously measured. As soon as the specimen reached the target mass (and hence target water content), it was wrapped in a cling film for three days, which is sufficient to achieve uniformity distribution of moisture in the specimens.
The procedure used to increase the water content of sample was a more laborious system compared to the drying procedure. According to the procedure developed by Mendes [27] , the wetting process was performed by using minifoggers. After wetting to achieve the target water content, the specimens were also wrapped in a cling film for three days to assure homogenization of the water content within the soil.
Mendes [27] verified that this method can wet the samples homogeneously and uniformly.
Test Methods and Procedures
A DDS-70 cyclic triaxial test apparatus with electromagnetic control system was used to perform and PPS tests on the specimens. Two externally mounted linear variable differential transducers (LVDTs), directly connected to the data acquisition system, were used to measure the axial displacements of the soil sample. The maximum scale stroke for these two LVDTs is ±10 mm, with a resolution accuracy of 0.001 mm.
The and PPS tests were conducted in accordance with the SL237-032 [28] test methods. To simulate the slow drainage relative to the traffic loading duration, the tests were carried out under undrained conditions. Compressed air was used to apply confining pressure to the specimens. The effect of confining pressure on and PPS properties was ignored in this study and a constant confining pressure of 60 kPa was applied to represent the in situ effective consolidation pressures. Moreover, to stimulate the nonisotropic consolidation state due to the pavement loading, an initial static deviator stress of 30 kPa was applied to the specimen. A semisinusoidal wave load with a frequency of 1 Hz with no rest period was applied to represent the loading conditions experienced by a pavement layer under vehicular loading.
It should be pointed out that only the cyclic load is allowed to be input in the DDS-70 test system, and the magnitude of obtained cyclic stress depends on the stiffness of test specimen. The greater stiffness results in larger cyclic stress. That is, the same magnitude of cyclic load applied to different specimens would result in different magnitudes of cyclic stress. According to the SL237-032, multistage loading method was adopted for test, and ten dynamic deviator loads of 15, 30, 45, 60, 75, 90, 105, 120, 135, and 150 N were applied in sequence for each specimen, as presented in Table 2 . For each sequence, 10 load cycles were applied and the cyclic stress and the vertical displacement were measured and used to determine the elastic modulus. For the PPS test, single-stage loading method was adopted, and four different deviator loads of 90, 120, 150, and 180 N were applied. Each specimen for PPS test was subjected to a prescribed deviatoric load level controlled by an internal load cell for 5000 cycles.
Results and Discussion
Dynamic Elastic Modulus.
The dynamic elastic modulus is defined as the ratio of cyclic deviator stress to elastic strain. Figure 1 presents the relationship between dynamic elastic modulus and deviator stress at various moisture contents for specimens compacted at 90%, 93%, and 96% of MDD, respectively. The dynamic elastic modulus decreases nonlinearly with an increase in the cyclic deviator stress. The significant effect of change in the postcompaction moisture content on the dynamic elastic modulus is also evident as shown in the figure. For tested specimens with different degrees of compaction, an increase in the moisture content that corresponded to decrease of matric suction resulted in considerable reduction in the dynamic elastic modulus. This behavior could be attributed to the fact that an increase in moisture content lubricates the grains and weakens the soil fabric, which in turn leads to an increased vulnerability to deformation, as shown in Figure 2 . The elastic strain increases with an increase in the moisture content under the same deviator stress.
It is further observed that the dynamic elastic modulus exhibits a higher sensitivity to the moisture contents at lower deviator stress level. That is, at lower deviator stress level, the dynamic elastic modulus of the specimen decreases at a higher rate as the moisture content increases from 12% to 27%, compared to that at higher deviator stress level. In addition, the typical stress-strain curves shown in Figure 2 at different moisture contents exhibit obvious nonlinear behavior, which can usually be characterized by the hyperbolic model [29] , as shown in
where 0 is the initial elastic modulus (tangent of the hyperbolic curve at the origin) and is the ultimate deviator stress (2 times the limit shear strength of specimen). The values of 1/ 0 and 1/ can be obtained from the intercept and the slope of the measured 1/ -linear curve.
It is stated that the values of 0 and depend on the initial state of sample such as the applied confining stress, moisture content, and dry density, and 0 , can be used as useful index for normalizing the relationships between modulus and strain for soils with various moisture contents and compaction degrees. Figure 3 presents the relationship between the normalized elastic modulus / 0 and the normalized elastic strain / for all the tested specimens, where = / 0 was defined as the reference strain [29] . Interestingly, a unique relationship between / 0 and ( / )/( / 0 ) is obtained, within a large range of moisture contents (12-27%) and various compaction degrees (90-96%). A regression analysis gives the following simple equation with a correlation coefficient 2 of 0.99: Figure 4 illustrates the variation of normalized initial elastic modulus 0 /(Pa × 10
3 ) with moisture content and degree of compaction, and Figure 5 shows the trend of normalized ultimate deviator stress /Pa with moisture content and degree of compaction. As can be seen, both 0 /(Pa × 10
3 ) and /Pa decrease with an increase of moisture content and increase with an increase of degree of compaction. Furthermore, with the moisture content increasing, the magnitude of changes in 0 /(Pa × 10 3 ) and /Pa decreases. Based on the described properties of 0 /(Pa × 10 3 ) and /Pa, the following regression-based empirical models for 0 and behavior of compacted subgrade are proposed:
where Pa is the standard atmospheric pressure, is moisture content, is degree of compaction, and 1 , 2 , and 3 and 1 , 2 , and 3 are regression parameters. The regression parameters for the model presented in (3) were determined by least square curve fitting on the measured 0 and . The test data points obtained from six moisture contents and three degrees of compaction were used for this statistical analysis. The solver function in Microsoft Excel was used for the proposed model parameters optimization which was set up to minimize the sum of the squared errors between the measured value and the value predicted by the model. The coefficient of determination 2 was also calculated to evaluate the goodness of model fitting at all the compaction degrees. Figure 4 presents the relationships between measured data and predicted result using the model with the parameters determined from the optimization procedure, and the calibrated parameters of the models and the 2 values are also presented in the figure. It is seen that the coefficients of determination for 0 /(Pa × 10
3 ) and /Pa curves are 0.99 and 1.00, respectively, which indicate that the proposed models accurately capture the trends of measured 0 /(Pa×10 3 ) and /Pa versus moisture contents at various degrees of compaction.
Combining (2) and (3), an empirical relationship between dynamic elastic modulus and cyclic deviator stress is developed that incorporates density and moisture content variations. That is, the elastic modulus of subgrade at inservice state with different moisture contents and degrees of compaction can be predicted as the applied cyclic deviator stress and confining stress are available.
Plastic Permanent Deformation.
A series of cyclic load tests were performed at different moisture content levels with varying degrees of compaction and at different deviator stress levels. As an example, at a constant cyclic deviator load of 150 N, the measured accumulated permanent strains as a function of number of load applications for a predetermined range of moisture contents are presented in Figure 5 . This figure shows a considerable influence of moisture content on the permanent strain response of the compacted lateritic soil. The permanent strain increases as the moisture content increases and the increase is more pronounced at high moisture content. With increasing in moisture content, the type of permanent strain response to cyclic loading changes from stable state to unstable state. That is, at low moisture content, the specimen exhibits a long-term steady state with no further accumulation of permanent strain and entirely resilient response, while at high moisture content the specimens have achieved progressive failure or collapse state after a finite number of load cycles. Furthermore, results in Figure 5 show that a higher degree of compaction yields a lower accumulated permanent strain and a more stable response; that is, the failure or collapse state achieved in the specimens compacted at 90% and 93% of MDD is not observed in the specimens with 96% of MDD. Figure 6 shows the variation of permanent strain after 5000 cycles with cyclic deviator stress for different moisture contents and degrees of compaction. It is observed that the higher cyclic deviator stress results in the higher permanent strain at the same moisture content. As increasing in moisture content, especially increases from 18% (OMC), the accumulation of permanent strain exhibits more sensitivity to the cyclic deviator stress, and higher magnitudes of change in permanent strain are observed for specimens with higher moisture content. Quite similar trends are observed for specimens with three different degrees of compaction. This is due to a decrease in soil matric suction with an increase of moisture content, thus reducing the effective stress, which in turn decreases the resistance to withstand accumulation of permanent deformation. Figure 7 shows the associated permanent strain rate versus accumulative permanent strain from a series of cyclic tests with combination of various moisture contents and deviator stress. For example, the test condition with moisture content of 12% and the deviator stress of 45 kPa is expressed as 12%-45 in the legend. It is observed that the permanent strain rate decreases rapidly for the cases with low moisture content Advances in Materials Science and Engineering and low deviator stress. In contrast, for the cases with high moisture content and high deviator stress, the permanent strain rate decreases very slowly or keeps constant, which causes progressive accumulation of permanent strain and may eventually lead to unstable or failure state. Furthermore, both permanent strain rate and permanent strain decrease with the increase of degree of compaction under an identical condition, and more curves of permanent strain response with stable state are observed for the case with high degree of compaction. The evolution of permanent strain of fine grained subgrade soils with load cycles is complex and dependent on the stress level, moisture content, and degree of compaction. The shakedown concept, firstly introduced in pavement engineering by Sharp and Booker [30] , is used to characterize the permanent deformation behavior of compacted lateritic soil under cyclic loading. According to Werkmeister et al. [31] , the concept maintains that the materials response under repeated loading can be classified into four different categories: elastic shakedown, plastic shakedown, plastic creep, and incremental collapse:
(1) Elastic shakedown, where the applied cyclic stress is sufficiently small compared to the strength of the material and the material response is purely elastic.
(2) Plastic shakedown, where the cumulative permanent strain rate decreases rapidly until it reaches a state of equilibrium and the material gradually achieves a long-term steady state response.
(3) Plastic creep shakedown, where the permanent strain rate is decreasing and slowly accumulative permanent strain is observed; however, the material plastic response neither ceases nor leads to a sudden collapse. exceed the yield stress and the accumulated plastic strains then increase rapidly with failure occurring in a small number of load cycles.
Based on the above-stated definitions of different deformation stages and the shapes or slopes of the measured permanent strain curves, three states of permanent strain accumulation, plastic stable, plastic creep, and incremental collapse, are observed and labeled in Figures 5 and 7 . All test specimens experience some permanent strain; thus none of results shows behavior in the elastic shakedown range. By considering the shakedown concept, the classification assumes the existence of certain limiting values which define the stress states at which the type of permanent strain response changes. In particular, for design purposes, this implies that the maximum cyclic stress level, which is associated with a resilient response after slight plastic strain accumulates in the initial cycles, should be determined and subsequently not be exceeded, if uncontrolled permanent deformations are to be prevented. The maximum cyclic stress is defined as the critical dynamic stress , below which permanent deformations are small and shaken down and above which repeated applications of a load cause large permanent deformations attributed to unstable state.
The critical dynamic stress distinguishing stable from unstable state is the key design parameter and can be estimated from the maximum stress in the plastic shakedown stage. Figure 8 presents the estimated critical dynamic stress as a function of moisture content for various degrees of compaction. It can be clearly seen that the critical dynamic stress decreases with an increase in moisture content, and the magnitude of decrease in is higher at the wet side of OMC than that at dry side of OMC. degree of compaction the critical dynamic stress increases, and higher magnitude of increase in is observed as the degree of compaction changes from 90% to 93% compared to that of the case with changing from 93% to 96%. Moreover, the presented envelope curves of moisture for different compaction degrees can provide reference for the pavement design, for assuring that the compacted subgrade soils should preferably not undergo cyclic stress level higher than the critical dynamic stress, in which condition the permanent strain accumulation would terminate after a sufficient number of loading cycles and only minor permanent deformation would take place. 
Conclusions
Both elastic (resilient) deformation and plastic permanent deformation behavior of compacted lateritic soil were investigated using a series of repeated loading tests. The tests were conducted at different moisture contents with varying dry densities and at different cyclic stress levels to simulate the seasonal environmental and traffic conditions in reality. The following conclusions are drawn in view of the results:
(1) The elastic stiffness ( ) decreases with increased moisture content and cyclic deviator stress ( ) and increases with increased degree of compaction. An empirical relationship between dynamic elastic modulus and applied cyclic stress is developed that incorporates variations of density and postcompaction moisture content.
(2) The plastic permanent strain decreases due to drying and increases due to wetting. With increasing in moisture content, the type of permanent strain accumulation response changes from plastic stable (shakedown) to plastic creep and eventually to incremental collapse.
(3) With an increase in moisture content, the higher magnitude of decrease in critical dynamic stress is observed at the wet side of OMC compared to the corresponding changes at dry side of OMC. Moreover, the envelope curves of moisture for different degrees of compaction are presented, which may be useful for improving the pavement design to incorporate the postcompaction moisture content variation due to seasonal environmental effect.
